In this study, a nanoindentation technique is used to characterize the mechanical properties of RF MEMS series ohmic switches. We present the methodology, analytical models and test setup which allow to measure stiffness, gap heights and to evaluate contact forces. To validate this methodology, the nanoindentation of two types of RF MEMS switches, fabricated by CEA-LETI, is carried out. These data are fitted with an electro-mechanical model of the switch and are then compared with the results of electrical functional tests.
Introduction
Over the past years CEA-LETI has been developing electrostatic RF MEMS switches. Their key parameters such as pull-in voltage, contact and restoring forces strongly depend on the mechanical properties of the bridge. This paper is focused on the study of mechanical properties which allow to explain the electrostatic behavior of an ohmic electrostatic series switch. Experimental and theoretical aspects are compared through two types of switches which are different from a geometric and process flow standpoint.
Switch description
The series ohmic switch ( Fig. 1) , which was designed for RF applications [1] , is made of a silicon nitride fixedfixed beam, with two side electrodes to actuate it, and a patterned contact with two dimples. When a biasing voltage is applied, the beam is pulled down, and the transmission line is short-circuited by the metallic contact.
Denoted as A-and B-type, two types of switches coming from two fabrication runs are studied. The main differences between the runs are: beam length, residual stress in the beam, gap heights, and process flow to fabricate the contact. 
Experimental setup
The mechanical properties of the switches are characterized by an MTS nanoindenter both in quasi-static and continuous stiffness measurement (CSM) modes. In the first mode, the nanoindenter tip is approaching the sample and when in contact, it exerts a quasi-static load on its surface, which leads to a force-displacement curve. The stiffness is obtained from the slope of such a curve. In the second mode, the stiffness between the indenter tip and the surface is continuously measured by superimposing simultaneously an oscillating force. Being very sensitive to stiffness changes, this mode is used to evaluate the gap heights and contact quality. The nanoindentation experiments are performed both at the geometrical center of the entire beam (contact gap G c and free beam stiffness k c ) and of the side electrodes (electrode gap G 0 and electrode stiffness k e ).
The electric tests are limited to simple C-V and R-V sweeps in order to extract the pull-in voltage and up-and down-state capacitances, these measurements are performed on a dedicated test bench as described in [2] .
Mechanical model
The switch is considered as a uniform width and thickness fixed-fixed beam with two mobile vertical loads F1, F2 corresponding to the electrostatic force, and stretching axial forces S corresponding to the residual stress (Fig. 2) . In case of two or more vertical loads, the total deflection is considered as a superposition of the deflections from each load separately and the stiffness is a product of the total deflection multiplied by the sum of vertical loads. The deflection for single vertical load is calculated from Euler-Bernoulli beam equation. The solution of this equation is: Fig. 2 . The schematic representation of the RF MEMS switch with two side electrodes. The mobile vertical loads F1 and F2 correspond to electrostatic forces, while the axial stretching force S corresponds to the effect of the residual stress. The restoring force is F r =G c ⋅k c and the contact force is F ct =∆G⋅k ct ⋅d i /l, where ∆G= G 0 -G c , k ct is the theoretical stiffness in the center of the electrode for a half-length of the beam.
For electrostatic modeling, the switch is approximated by a parallel plate capacitor [3] .
Results and discussion
The mechanical model was analyzed in terms of the influence of the thickness, width and residual stress on the stiffness. It turns out that each of these parameters has a linear effect on the stiffness, and none of them is stronger when it is varied in the range of 0.5-1.5 of their nominal values (Fig. 3) . The nominal, calculated stiffness is 75 N/m but it may drop down to 1 N/m when there is no residual stress. Because it is relatively difficult to control the residual stress, it is taken here as a fitting parameter for the nanoindentation data.
The results of nanoindentation are presented in (Fig. 4) and they are compared with theoretical data in table 1. The capacitances calculated by using the gap heights (given by the nanoindentation experiments) and the ones measured by C-V sweep tests are very close, which confirms that the nanoindentation measurements are correct.
The free stiffness of the A-type switch is estimated to be 137N/m. Only one slope (2-3) is observed on the forcedisplacement curve, which proves a good quality of the contact. It means that two dimples short-circuit the transmission line simultaneously and there is no plastic deformation of the dimples. However, the measured stiffness is higher than the nominal (75N/m). It may be explained by a higher residual stress induced during fabrication.
For B-type switch, the free stiffness is 79 N/m, in contrast to the A-type, the force-displacement curve shows multiple slopes (2-3, 3-4) which indicates a problem with the contact (some deformation or two phase contact). To understand the contact problem further failure analysis is conducted (Fig. 4c, 4d) . The A-type dimples are homogenous and smooth, while the B-type are rough with high peaks on its surface. It is supposed that after the first contact of the highest peak of one of the two dimples on the transmission line, the beam could twist to put the second one in contact which results in an increased stiffness.
The contact gap of A-type switches is relatively small when compared to the electrode gap (Fig. 5 ) which results in a high contact force and a low restoring force (probable stiction sensitivity). On the other hand in case of B-type, the difference between both gaps does not exceed 50-100 nm which results in similar contact and restoring forces. Fig. 5 . Estimation of the contact and restoring forces for A-type and B-type switches. The gray line indicates the contact gap height. In case of the A-type switch, the contact gap is much smaller than the electrode gap which results in a high contact force in comparison to the restoring force. The restoring force is less sensitive to change of the contact gap height due to much lower stiffness in the central part.
In terms of electrostatic behavior (Fig. 6) , for the A-type switch, the difference between the contact and the electrode gaps results in some offset between the ohmic and capacitive pull-in voltage, which is in contrast to B-type switch with almost equal gaps. 
Conclusions
This paper presents the nanoindentation experiments which allow to characterize the mechanical properties of MEMS switches, such as: the beam stiffness, the gap heights, the contact and the restoring forces. The stiffness calculated with the model correlates quite well with the nanoindentation results. The maximum error does not exceed 3%. It is also possible to use the fitted model to calculate the restoring and contact forces and to point out the influence of the mechanical properties on the electrostatic behavior.
